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ABSTRACT

G protein-coupled receptor 30 [G protein-coupled estrogen
receptor 1 (GPER1)], has been introduced as a membrane
estrogen receptor and a candidate cancer biomarker and ther-
apeutic target. However, several questions surround the sub-
cellular localization and signaling of this receptor. In native
cells, including mouse myoblast C,C,, cells, Madin-Darby ca-
nine kidney epithelial cells, and human ductal breast epithelial
tumor T47-D cells, G-1, a GPER1 agonist, and 17g-estradiol
stimulated GPER1-dependent cAMP production, a defined
plasma membrane (PM) event, and recruitment of B-arrestin2 to
the PM. Staining of fixed and live cells showed that GPER1 was
localized both in the PM and on intracellular structures. One
such intracellular structure was identified as cytokeratin (CK)
intermediate filaments, including those composed of CK7 and

CK8, but apparently not endoplasmic reticulum, Golgi, or mi-
crotubules. Reciprocal coimmunoprecipitation of GPER1 and
CKs confirmed an association of these proteins. Live staining
also showed that the PM receptors constitutively internalize
apparently to reach CK filaments. Receptor localization was
supported using FLAG- and hemagglutinin-tagged GPER1. We
conclude that GPER1-mediated stimulation of cCAMP produc-
tion and B-arrestin2 recruitment occur in the PM. Furthermore,
the PM receptors constitutively internalize and localize intracel-
lularly on CK. This is the first observation that a G protein-
coupled receptor is capable of associating with intermediate
filaments, which may be important for GPER1 regulation in
epithelial cells and the relationship of this receptor to cancer.

Introduction

G protein-coupled receptor 30 (GPER1) is a GPCR that has
been proposed to be an estrogen receptor responsible for at
least some nongenomic estrogen signaling (Filardo and
Thomas, 2005; Prossnitz et al., 2008). Estrogens are impor-
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tant sex hormones in both genders that have long been rec-
ognized to act through both genomic and nongenomic mech-
anisms. The genomic mechanisms are the best described and
involve the binding of estrogens to two nuclear estrogen
receptors, ERa and ERB, which function as nuclear tran-
scription factors regulating gene expression (Heldring et al.,
2007). Membrane-associated full-length ER« also exists that
is at least in part responsible for nongenomic estrogen sig-
naling (Razandi et al., 2004).

GPERL1 is ubiquitously expressed in both human and ro-
dents, and GPER1-deficient mice show that this receptor
may participate in metabolic, cardiovascular, bone, and im-
mune regulation, at least in part, in an estrogen-dependent
manner (Martensson et al., 2009; Olde and Leeb-Lundberg,
2009; Windahl et al., 2009). In addition, GPER1 was found to
be associated with the growth of both breast and endometrial

ABBREVIATIONS: GPER1, G protein-coupled estrogen receptor 1; B2R, B2 bradykinin receptor; ERa, estrogen receptor «; ERB, estrogen
receptor B; CK, cytokeratin; E2, 17B-estradiol; ER, endoplasmic reticulum; PM, plasma membrane; HEK, human embryonic kidney; MDCK,
Madin-Darby canine kidney; GPCR, G protein-coupled receptor; FBS, fetal bovine serum; PCR, polymerase chain reaction; PBS, phosphate-
buffered saline; PNGase F, peptide:N-glycanase; HA, hemagglutinin; ATCC, American Type Culture Collection; GFP, green fluorescent protein;

siRNA, short interfering RNA.
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cancers (Filardo et al., 2006; Smith et al., 2007). An agonist,
G-1, with selectivity for GPER1 over ERa and ERB, was
reported (Bologa et al., 2006) and is now being used exten-
sively to study this receptor. Furthermore, some antiestro-
gens (e.g., hydroxytamoxifen) act as agonists at this receptor
(Maggiolini et al., 2004; Thomas et al., 2005).

At the cellular level, GPER1 was reported to bind E2 with
high affinity (Revankar et al., 2005; Thomas et al., 2005) to
influence growth factor signaling pathways, including trans-
activation of the epidermal growth factor receptor, intracel-
lular Ca®* mobilization, phosphatidylinositol 3-kinase trans-
location, Src activation, extracellular signal-regulated kinase
activation, and cAMP production (Filardo and Thomas, 2005;
Prossnitz et al., 2008) and to modulate downstream tran-
scription factor networks (Pandey et al., 2009). GPER1 was
antiproliferative in ERa- and ERB-positive MCF-7 breast
cancer cells but proliferative in ERa- and ERB-negative
SkBr3 breast cancer cells (Ariazi et al., 2010), suggesting
that GPER1 function depends on the genetic environment of
the cell.

Limited detailed studies have been done on the subcellular
localization and membrane trafficking of GPER1, and then
mostly in recombinant cells. Based on available studies, the
localization of the receptor and receptor signaling is in de-
bate, with some groups stating that the receptor is present
and functions exclusively intracellularly in the ER either
with (Revankar et al., 2005) or without estrogen receptor
functions (Otto et al., 2008), whereas others state that
GPERL1 is present and acts as an estrogen receptor in the PM
(Funakoshi et al., 2006; Filardo et al., 2007), as would be
expected of a typical GPCR.

Here, we used several native cell lines to show that GPER1
is functional and localizes in the PM and intracellularly on
CK intermediate filaments. CKs are proteins important for
the structural integrity primarily of epithelial cells. The hu-
man genome contains a total of 54 functional CK genes, of
which 37 are epithelial (Schweizer et al., 2006; Moll et al.,
2008). Filamentous CK structures form by heteromeric pair-
ing of acidic type I and basic or neutral type II CKs. Little is
still known about CK beyond structural roles, but evidence is
accumulating that CK may also serve additional roles as
signaling platforms in cell adhesion, apoptosis/survival, and
proliferation (Eriksson et al., 2009).

Materials and Methods

Cell Culture and DNA Constructs. C,C;, cells, MDCK cells,
and HeLa cells (ATCC, Manassas, VA) were grown in phenol-free
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) sup-
plemented with 10% fetal bovine serum (FBS) (HyClone Laborato-
ries, Logan, UT) in 5% CO,, at 37°C. T47-D cells (ATCC) were grown
in RPMI 1640 media supplemented with 10% FBS and 10 pg/ml
insulin in 5% CO, at 37°C. HEK293 cells (ATCC) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS in
10% CO, at 37°C. The human GPER1 cDNA was subcloned into the
pIRESpuro vector (Clontech, Mountain View, CA) containing a pu-
romycin selection marker. The mouse GPER1 ¢cDNA and human B2
bradykinin receptor (B2R) were subcloned into a pcDNA3.1 vector
containing a zeosin selection marker. An N-terminal artificial signal
sequence, as described previously (Whistler et al., 2002; Enquist et
al., 2007), and the FLAG sequence tag were added in series to make
the GPER1 construct FGPER1 and B2R construct FB2R. To make
mouse GPER1 antisense ¢cDNA, the mouse GPER1 sequence was
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amplified from a plasmid by PCR using the following primers: upper,
5'-CAAGCGGCCGCTATGGATGCGACTACTCCAGC-3’, and lower,
5'-CAGAAGCTTAGCACTGCTGAACCTGACCT-3' containing a Notl
and a HindIII site, respectively. The insert was then cloned in
reverse orientation into the NotI/HindIII site of the pEAK12 vector.
Clones containing mouse GPER], in reverse orientation, were iden-
tified by HindIII/NotlI digestion and sequencing using the BigDye
terminator sequencing kit (PerkinElmer Life and Analytical Sci-
ences, Waltham, MA). A cDNA construct of GPER1 tagged in the N
terminus with three HA epitopes in series (HGPER1) was obtained
from Missouri S&T ¢cDNA Resource Center (Rolla, MO). A B-arres-
tin2-GFP ¢DNA construct was kindly provided by Dr. Marc Caron
(Duke University Medical Center, Durham, NC) (Barak et al., 1997).

HEK293 cells were transfected with FGPER1 and FB2R ¢cDNA
using the calcium phosphate precipitate method and HeLa cells with
human GPER1 by electroporation as described previously (Kotarsky
et al., 2001). Single colonies were then chosen and propagated in the
presence of selection-containing media to generate clonal stable cell
lines. C,C;;, cells, MDCK cells, and/or T47-D cells were transiently
transfected with antisense GPER1 ¢cDNA, B-arrestin2-GFP cDNA,
FGPER1 cDNA, HGPER1 ¢DNA, and/or GPER1 siRNA using Lipo-
fectamine and Lipofectamine PLUS (Invitrogen) or FuGENE-6
(Roche Diagnostics, Indianapolis, IN) according to the manufactur-
er’s instructions.

RNA Isolation and PCR. Isolation of RNA was performed using
a method described previously (Chomczynski and Sacchi, 1987).
cDNA synthesis was performed using the SuperScript III First-
Strand Synthesis System for PCR (Invitrogen). The GPER1 ¢cDNA
was amplified using PCR with the following GPER1 primers: upper,
5'-TGGCTTTGTGGGCAACATCC-3', and lower, 5'-GGTGCTTGGT-
GCGGAAGAGGC-3" (mouse); upper, 5 -TCTACACCATCTTC-
CTCTTCC-3', and lower, 5'-GTAGCGATCAAAGCTCATCC-3’ (ca-
nine and human); the products were visualized on a 0.8% agarose
gel.

Immunoprecipitation and Immunoblotting. Confluent cells
grown on 10-cm dishes were washed twice with ice-cold PBS and
lysed in 0.5 to 1 ml of lysis buffer (0.1% Triton X-100, 10 mM
Tris-HCI, pH 7.4, 150 mM NaCl, and 25 mM KCI) with complete
protease inhibitor cocktail (Roche Diagnostics). Lysates were cleared
by centrifugation at 10,000g for 10 min at 4°C. Receptors were
immunoprecipitated by incubating the cleared lysates overnight at
4°C with goat anti-GPER1 antibody (R&D Systems, Minneapolis,
MN) coupled to protein G-Sepharose (GE Healthcare, Chalfont St.
Giles, Buckinghamshire, UK) or mouse anti-M2 FLAG agarose (Sig-
ma-Aldrich, St. Louis, MO) overnight at 4°C, and CKs were immu-
noprecipitated with mouse anti-pan CK (clone C-11), mouse anti-
CK7, or mouse anti-CK8 antibody coupled to protein G-Sepharose
(all from Sigma-Aldrich). The precipitate was washed extensively
and sequentially in the lysis buffer and in 10 mM Tris-HCI, pH 7.4.
For immunoblotting, proteins were denatured in SDS-polyacryl-
amide gel electrophoresis sample buffer including 6% B-mercapto-
ethanol for 30 min at 37°C, fractionated by SDS-polyacrylamide gel
electrophoresis, transferred to a nitrocellulose membrane, and the
membrane was blocked for at least 45 min in Tris-buffered saline and
10% nonfat milk. The proteins were stained by incubating with goat
anti-GPER1 antibody (1:200), mouse anti-M2 FLAG antibody (1:
1000; Sigma-Aldrich), mouse HA.11 antibody (1:1000; Biosite Inc.,
San Diego, CA), mouse anti-pan CK antibody (1:1000), mouse anti-
CK7 antibody (1:200), or mouse anti-CK8 antibody (1:200) for 1 h at
22°C. Immunoreactive bands were visualized with a chemilumines-
cence immunodetection kit using peroxidase-labeled secondary anti-
body (Invitrogen, Carlsbad, CA) according to the procedure described
by the supplier (PerkinElmer Life and Analytical Sciences).

Enzymatic Deglycosylation. To determine the presence of N-
glycosylation in FGPER1, immunoprecipitates were treated with 500
units of PNGase F (New England Biolabs, Ipswich, MA) in 10 mM
Tris-HCI, pH 7.4, for 2 h at 37°C.
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Immunofluorescence Microscopy. Cells were propagated to
approximately 50% confluence in growth media on glass coverslips,
coated with poly(D-lysine) or 0.1% gelatin (both from Sigma-Aldrich),
and then incubated in serum- and phenol-free media for at least 1 h
at 37°C before treatment. For live cell staining, live cells were incu-
bated in serum- and phenol-free media containing goat anti-GPER1
antibody (1:100) or mouse anti-M1 FLAG antibody (1:500; Sigma-
Aldrich) for 30 min at 37°C. In some experiments, live cells were
treated with 0.4 M sucrose for 60 min at 37°C before incubation with
antibody to disrupt clathrin-mediated endocytosis (Heuser and An-
derson, 1989). Cells were then fixed with 3.7% formaldehyde in PBS
and permeabilized with blotto (3% dry milk, 0.1% Triton X-100, 1
mM CaCl,, and 50 mM Tris-HCI, pH 7.4). For fixed cell staining, cells
were incubated in serum- and phenol-free medium and then fixed
and permeabilized. The cells were then incubated in blotto contain-
ing goat anti-GPER1 antibody (1:100), mouse anti-M1 FLAG anti-
body (1:500), and/or mouse HA.11 antibody (1:1000) for 1 h at 22°C.
In all experiments, cells were then washed with PBS and receptors
visualized by incubation with secondary Alexa488-labeled anti-goat
antibody, anti-mouse IgG2b antibody (Invitrogen), or anti-mouse
IgG1 antibody (Invitrogen). For colocalization studies, fixed and
permeabilized cells were also incubated for 1 h at 22°C with rabbit
anti-calnexin antibody (1:200; Sigma-Aldrich), mouse anti-GM130
antibody (1:250; BD Biosciences, San Jose, CA), mouse anti-a-
tubulin antibody (1:4000; Sigma-Aldrich), mouse pan-CK antibody
(1:1000), or mouse anti-CK7 antibody (1:200). Alexa568-labeled

anti-mouse IgG1 or anti-rabbit antibody (Invitrogen) were then
used as secondary antibodies. For B-arrestin2-GFP imaging, cells
were incubated in serum- and phenol-free with or without 1 puM
E2 (Sigma-Aldrich), 1 uM G-1 (Calbiochem, San Diego, CA), 1 uM
isoproterenol (Sigma-Aldrich), or DMSO vehicle for 30 min at
37°C and then fixed with 3.7% formaldehyde in PBS and washed
with PBS. Images were collected using a Nikon Eclipse confocal
fluorescence microscope (Nikon, Tokyo, Japan). Some fluorescence
images were analyzed using NIS Elements software (Nikon) and
then graphed.

cAMP Production. Cells were grown to near confluence in
six-well plates (Sarstedt, Nimbrecht, Germany). The cells were
washed one time with serum- and phenol-free medium followed by
incubation in the same medium for 1 h at 37°C. This was followed
by 20 min of incubation at 37°C in medium containing 25 pM
rolipram (Sigma-Aldrich). Different concentrations of E2 and G-1
were added, and the cells were further incubated for 30 min, after
which the cells were lysed in 0.20 ml of ice-cold 0.1 M HCI for 30
min at 4°C, scraped, and centrifuged at 13,000g for 10 min. The
amount of cAMP in the supernatant was assayed using an EIA kit
(Cayman Chemical, Ann Arbor, MI) according to the manufactur-
er’s instructions.

Data Analysis. Data are presented as means = S.E.M. Student’s
two-tailed ¢ test for unpaired data were performed to evaluate sta-
tistical significance. P values less than 0.05 were regarded as statis-
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Fig. 1. GPER1 expression. A, RNA from MDCK cells, T47-D cells, and C,C,, cells was isolated and cDNA synthesized and analyzed with (c(DNA+RT,
lane 1) and without reverse transcriptase ((DNA-RT, lane 2). B, HeLa cells without (HeLa-Ctr., lane 1) and with stable expression of human GPER1
(HeLa-GPERI, lane 2) were lysed and immunoblotted with goat GPER1 antibody (GP). C, HEK293 cells without (HEK-Ctr., lane 1) and with stable
expression of mouse FGPER1 (HEK-FGPERI1, lane 2) were lysed, immunoprecipitated with mouse M2 FLAG antibody-agarose, and immunoblotted
with M2 FLAG antibody (FLAG). D, T47-D cells (T47-D, lane 1) and MDCK cells (MDCK, lane 2) were lysed and immunoblotted with GPER1 antibody
(GP). E, mock-transfected MDCK cells (MDCK-Ctr., lane 1) and T47-D cells (T47-D-Ctr., lane 5) and MDCK cells (MDCK-HGPER], lanes 2 and 3) and
T47-D cells (T47-D-HGPER]1, lanes 6 and 7) transiently transfected with HGPER1 cDNA were lysed, immunoprecipitated with protein G-Sepharose
without (—, lanes 3 and 7) and with GPER1 antibody (GP) (+, lanes 2 and 3), and immunoblotted with HA antibody. F, mock-transfected MDCK cells
(MDCK-Ctr., lane 1) and MDCK cells transiently transfected with FGPER1 ¢cDNA (MDCK-FGPERI1, lane 2) were lysed, immunoprecipitated with M2
FLAG antibody beads, and immunoblotted with M2 FLAG antibody. Molecular mass (M,) standards (in kilodaltons), or base pairs (bp) (left side
arrows), and position of IgG heavy chain (h.c.) and light chain (l.c.) (right side arrows) are indicated. The results are representative of experiments

performed at least three times.
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tically significant. Data analysis was performed using the Prism
program (GraphPad Software Inc., San Diego, CA).

Results

GPERI1 Expression. Several native cell systems relevant
to GPER1 physiology from several species were used to study
GPER]1, including canine kidney epithelial MDCK cells,
mouse myoblast C,C,, cells, and human ductal breast epi-
thelial tumor T47-D cells. All of the cells expressed GPER1 as
determined at the mRNA level (Fig. 1A). Receptor expression
at the protein level was monitored with a goat anti-GPER1
antibody raised against the human receptor N-terminal do-
main, which was used previously to detect GPER1 (Kolkova
et al., 2010). To verify that this antibody reacts specifically
with GPER1, we immunoblotted control HeLa cells (HeLa-
Ctr.) (Fig. 1B, lane 1) and cells stably expressing human
GPER1 (HeLa-GPER1) (lane 2). No bands were observed in
HeLa-Ctr. cells, whereas major bands were observed in
HeLa-GPERI1 cells. The 40- to 45-kDa band corresponds most
closely with the theoretical mass of the receptor, whereas the
lower bands (20 and 30 kDa) are probably degradation prod-
ucts thereof. To further evaluate receptor expression, control
HEK293 cells (HEK-Ctr.) (Fig. 1C, lane 1) and cells stably
expressing mouse GPER1 with the FLAG epitope inserted at
the N-terminal end (FGPER1) (HEK-FGPER1) (lane 2) were
immunoprecipitated with M2 FLAG antibody covalently cou-
pled to agarose and immunoblotted with FLAG antibody. A
receptor band at 40 to 45 kDa was present also in HEK-
FGPERI1 cells as well as a band at 20 kDa. In addition, these
cells contained receptor bands at 65 and 100 kDa and greater
that may be receptor complexes.

Immunoblotting of T47-D cell (Fig. 1D, lane 1) and MDCK
cell lysates (lane 2) with GPER1 antibody revealed bands
common to these cells at approximately 40 to 45 kDa as well
as at 30 and 50 to 55 kDa, albeit with slightly different
relative intensities. The GPER1 antibody did not recognize
the mouse receptor as determined with both mouse C,C;,
cells and HEK-FGPER1 cells. Thus, to further evaluate the
GPER1 antibody specificity, T47-D cells and MDCK cells
were transfected with or without a cDNA of human GPER1
containing the HA epitope at the N-terminal end (HGPER1)
and then immunoprecipitated with protein G-Sepharose with
and without precoupled GPER1 antibody. As shown in Fig.
1E (lanes 2 and 6), the GPER1 antibody recognized HGPER1
bands at 40 to 45 and 50 to 55 kDa as well as a weak band at
approximately 100 kDa in both T47-D-HGPER1 cells and
MDCK-HGPERL1 cells that were absent in mock-transfected
T47-D-Ctr. and MDCK-Ctr. cells (lanes 1 and 5) and immu-
noprecipitates with only protein G-Sepharose (lanes 3 and 7).
In MDCK cells transfected with FGPER1 ¢cDNA (MDCK-
FGPER1), FGPER1-specific bands were present at 50 to 55
kDa, in part overlapping with the IgG heavy chain, and at
approximately 65 and 90 to 100 kDa (Fig. 1F, lane 2) that
were absent in mock-transfected MDCK- Ctr. cells (Fig. 1F,
lane 1). Thus, FGPER1 migrates in part differently in MDCK
and HEK293 cells with a band at 40 to 45 kDa in the former
cells and a band at 50- to 55-kDa band in the latter cells.
However, the presence of a 50- to 55-kDa band also in
HEK293 cells was indicated after PNGase deglycosylation
(see below). On the other hand, HGPERI1 clearly migrates at
both masses. Thus, GPER1 seems to reside on proteins of 40
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to 45 and 50 to 55 kDa as determined with GPER1 antibody,
which reacts with the native receptor, FLAG antibody, which
reacts with FGPER1, and HA antibody, which reacts with
HGPER1. Receptor immunoprecipitates also enriched for a
higher mass receptor form(s) at approximately 100 kDa,
which may be a detergent-resistant receptor complex(es).
Together, these results show that the GPER1 antibody is
specific for GPER1.

GPER1 N-Glycosylation. The presence of multiple im-
munoreactive GPCR species is typical and often caused by
variations in receptor N-glycosylation. To address this mod-
ification as a basis for GPER1 heterogeneity, FLAG immu-
noprecipitates from HEK-FGPER1 cell lysates were N-degly-
cosylated with PNGase F and then immunoblotted with
FLAG antibodies. Surprisingly, PNGase F treatment re-
sulted in a dramatic decrease in the intensities of the 20-, 40-
to 45-, and 65-kDa bands and an increase in the intensity of
the 100-kDa band (Fig. 2A), which is contrary to the typical
decrease in apparent receptor mass that occurs upon degly-
cosylation. A decrease did occur in the mass of a FLAG-
specific protein corresponding to that of the IgG heavy chain
(50-55 kDa) supporting the presence of a receptor band here
also in these cells. Similar changes occurred upon PNGase F
treatment of FGPER1 immunoprecipitates from lysates of
MDCK-FGPERI1 cells and T47-D-FGPERI1 cells (Fig. 2B),
again with the notable decrease in mass at 50 to 55 kDa.
These results show that the receptor is N-glycosylated and
that this modification has additional effects on the physical
properties of the receptor, at least FGPER1.

GPER1-Mediated cAMP Production. G-1, a substance
reported previously to be an agonist on GPER1-mediated
intracellular Ca®* signaling (Bologa et al., 2006), dose-de-
pendently increased cAMP production in a saturable manner in
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Fig. 2. GPER1 N-glycosylation. A, HEK293 cells stably expressing mouse
FGPER1 (HEK-FGPER1) were lysed, immunoprecipitated with mouse
M2 FLAG antibody-agarose, treated without (lane 1) and with PNGase F
(lane 2), and immunoblotted with M2 FLAG antibody. B, MDCK cells
(MDCK-FGPERI, lanes 1 and 2) and T47-D cells (T47-D-FGPER1, lanes
3 and 4) transiently transfected with FGPER1 ¢cDNA were lysed, immu-
noprecipitated with M2 FLAG antibody beads, treated without (lanes 1
and 3) and with PNGase F (lanes 2 and 4), and immunoblotted with M2
FLAG antibody. Molecular mass standards (in kilodaltons) (left side
arrows) are indicated. The results are representative of experiments
performed at least three times.
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mouse C,C,, cells with an EC;, value of 282 = 52 nM (Fig. 3A).
E2 also potently stimulated cAMP production in these cells
with an EC;, value of 1.8 = 0.3 nM (Fig. 3A). However, the
maximal response, or efficacy, of E2 was only approximately
10% of that of G-1. To address the dependence of these
responses on GPER1, we transiently transfected C,C,, cells
with a mouse antisense GPER1 ¢cDNA construct used previ-
ously and validated in detail (Ahola et al., 2002; Revankar et
al., 2005). The G-1- (Fig. 3B) and E2-promoted responses
(Fig. 3C) were both inhibited by this antisense construct. G-1
and E2 also stimulated cAMP production in MDCK cells with
relative efficacies and potencies similar to those in C,Cq,
cells (Fig. 3D). A canine GPERI1-specific siRNA, but not a
scrambled nonspecific siRNA, inhibited the G-1 response in
MDCK cells (Fig. 3E), indicating that this response was also
dependent on GPER1. G-1 also stimulated cAMP production
in human T47-D cells (Fig. 3F), which express GPER1 (Fig.
1A). Thus, G-1- and E2-stimulated cAMP production in these
native cells is mediated at least in part by GPER1.
GPER1-Mediated p-Arrestin2 Recruitment. Receptor-
mediated cAMP production is a PM-dependent event. To
further address the subcellular localization of GPER1 signal-
ing, we analyzed the distribution of B-arrestin2, a regulatory

A

o

and signaling effector protein that physically associates with
many GPCRs at their site of function. Consistent with cAMP
signaling, G-1 and E2 increased B-arrestin2-GFP in the PM
in MDCK cells (Fig. 4). Isoproterenol was used as a positive
control presumably by acting through a small but significant
number of By-adrenergic receptors expressed on these cells
(Meier et al., 1983). PM recruitment of p-arrestin2-GFP by
these agents was also observed in T47-D cells (data not
shown). These results provide additional evidence that
GPERL1 functions at least in part in the PM. Even though
only semiquantitative, this assay further suggests that G-1
and E2 exhibit similar efficacies on this response.
Subcellular GPER1 Trafficking. Limited detailed stud-
ies have been done to localize GPER1 subcellularly in native
cells. To do so, we performed confocal immunofluorescence
microscopy using the GPER1 antibody. The dependence of
antibody reactivity on GPER1 expression was again con-
firmed by positive staining in HeLa-GPER1 cells but not in
HeLa-Control cells (Fig. 5A). A calnexin antibody was used
as a control to show ER staining in both cells types. Some
overlap in receptor and ER staining occurred, which is com-
mon in overexpressed recombinant GPCR cell systems and is
often due to saturation of maturation mechanisms (Fig. 5A).
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Fig. 3. GPER1-mediated cAMP production. A, C,C,, cells were stimulated with increasing concentrations of G-1 (O) or E2 (@) for 30 min at 37°C and
then assayed for cAMP production. B and C, C,C,, cells were transfected with a mouse GPER1 antisense construct (+AS) or empty vector (—AS),
stimulated without (Control) or with 1 uM G-1 (B) or 1 uM E2 (C) for 30 min at 37°C and then assayed for cAMP production. D, MDCK cells were
stimulated with increasing concentrations of G-1 or E2 for 30 min at 37°C and then assayed for cAMP production. E, MDCK cells were transfected
with a canine GPER1 siRNA (GPER1 siRNA) or scrambled siRNA (Scr siRNA) construct, stimulated without (Control) or with 1 uM G-1 for 30 min
at 37°C, and then assayed for cAMP production. F, T47-D cells were stimulated with increasing concentrations of G-1 and then assayed for cAMP
production. Data are presented as a percentage of control where control corresponds to 15 to 20 pmol cAMP/well. Values are means = S.E.M. with each
data point performed in quadruplicate. NS, not significant; #, P < 0.05; #*, P < 0.01; ##**, P < 0.001.
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The specificity of the antibody for GPER1 was further under-
lined by colocalization of GPER1 antibody and FLAG anti-
body staining in T47-D cells transfected with human GPER1
and FGPER1 (Fig. 5B). Furthermore, FLAG antibody and
HA antibody staining colocalized in cells transfected with
FGPER1 and HGPERI1 (Fig. 5B). Costaining of GPER1 and
HGPER1 with the GPER1 antibody could not be done be-
cause both receptor constructs are of human origin and are
thus recognized by this antibody. It is noteworthy that the
intracellular costaining had a web-like appearance in all cells,
suggesting receptor localization on a cytoskeletal structure.
Staining of endogenous GPER1 with the GPER1 antibody in
fixed MDCK cells was observed both at the cell periphery and
intracellularly, the latter also exhibiting a web-like cytoskeletal
appearance (Fig. 5B; Supplemental Fig. 1). Staining also
occurred under live conditions at 37°C, providing direct evi-
dence for PM receptors because the antibody is directed
against the extracellular N-terminal receptor domain (Fig.
5C). A significant amount of the live staining was intracel-
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Fig. 4. GPER1-mediated B-arrestin2 recruitment. MDCK cells tran-
siently transfected with B-arrestin2-GFP ¢cDNA were stimulated without
(Control) or with 1 uM G-1, 1 uM E2, or 1 uM isoproterenol (ISO) for 30
min at 37°C. Images of fixed cells were collected using a Nikon Eclipse
confocal microscope with 60X objective and 50 um zoom. Arrows indicate
cellular distance that was analyzed for changes in B-arrestin2-GFP flu-
orescence intensity upon agonist stimulation using the NIS Elements
software program (Nikon), and the results are graphed. Distance (arrow)
is 2 um. The results are representative of experiments performed at least
three times.
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lular, showing that the PM receptors undergo constitutive
endocytosis (Fig. 5C). The live intracellular staining exhib-
ited the same web-like pattern as the fixed intracellular
staining (Fig. 5C), suggesting that this pattern is at least in
part caused by constitutive receptor internalization.

To confirm constitutive GPER1 endocytosis, we used HEK-
FGPERI1 cells. Fixed staining with M1 FLAG antibody
showed that FGPER1 was present primarily intracellularly
(Fig. 5C), similar to HeLa-GPERL1 cells (Fig. 5A). Live stain-
ing was again observed, indicating the presence of PM recep-
tors also in these cells. Similar to MDCK cells, the live
staining was almost exclusively intracellular, again showing
constitutive receptor internalization (Fig. 5D). The live stain-
ing in HEK-FGPER1 cells was punctate rather than web-
like, which again may be due to the heterologous nature of
this overexpressed recombinant cell system. Incubating cells
in the absence of serum for 24 h did not change the live
staining pattern, showing that it was not caused by a serum-
derived factor. The relative amount of cell surface receptor
staining increased dramatically by treating the cells before
antibody incubation with hyperosmotic sucrose for 30 min,
which blocks endocytosis by yielding abnormal clathrin
polymerization, resulting in empty microcages in the mem-
brane (Heuser and Anderson, 1989) (Fig. 5D). The live intra-
cellular staining was not caused by nonspecific uptake of the
antibody or antibody-promoted receptor internalization be-
cause GPCRs vary in their ability to generate such staining
as described previously by us (Enquist et al., 2007). Indeed,
FLAG-tagged B2 bradykinin receptors (FB2Rs) stably ex-
pressed in HEK293 (HEK-FB2R) remained in the PM during
live staining until exposed to the agonist bradykinin, upon
which the receptor-antibody complex internalized (Fig. 5D).
Thus, two different cell systems (MDCK cells and HEK-
FGPER1) using two different receptor-specific antibodies
(GPER1 antibody and M1 FLAG antibody) show that at least
a fraction of the cellular GPERL1 is localized in the PM and
undergoes constitutive endocytosis to populate intracellular
structures.

Subcellular GPER1 Localization. Antibodies against
various subcellular marker proteins were then used to deter-
mine the intracellular localization of GPER1 in native cells.
Intracellular GPERI1 staining in MDCK cells was not associ-
ated with ER, as determined by the lack of overlap with
calnexin staining (Fig. 6A). In addition, no overlap occurred
with GM130 staining of Golgi (data not shown). The web-like
intracellular staining pattern suggested receptor association
with a cytoskeletal structure. Lack of costaining with a-tu-
bulin staining showed that this structure is not microtubules
(Fig. 6B). In addition, receptor staining seemed too disorga-
nized to be associated directly with actin filaments. On the
other hand, a significant overlap occurred in receptor and CK
staining (Fig. 6C). The same overlap was observed in T47-D
cells (Fig. 6C). The pan-CK antibody that was used recog-
nizes several CKs including the simple epithelial CKS8, but
not CK7. Using a specific CK7 antibody, overlap was also
found with this CK subtype (Fig. 6D). Thus, in MDCK cells
and T47-D cells, GPERL1 is localized in the PM and intracel-
lularly at least in part on CK intermediate filaments but not
in the ER, Golgi, or on microtubules.

GPER1-CK Association. GPER1-CK association was fur-
ther addressed by coimmunoprecipitation. Immunoblotting
of MDCK and T47-D cells with anti-pan-CK antibody re-

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet.’

406

Sandén et al.

A calnexin

Hela-
GPER1

Hela

B GPER1 FLAG Merge

Merge

GPERT1, live

T47-D-
GPER1/
FGPER1

FLAG

T47-D-
FGPER1/
HGPER1

C GPER1, fixed

MDCK

D

FLAG, live FLAG, live + sucr.

FLAG, live FLAG, live + a]onst

Fig. 5. Subcellular GPERI1 trafficking. A, HeLa cells without (HeLa-Control)
and with stable expression of human GPER1 (HeLa-GPER1) were fixed and
permeabilized before incubation with goat GPER1 antibody (GPER1) and rab-
bit calnexin antibody (calnexin). B, T47-D cells transfected with human GPER1
and FGPER1 (T47-D-GPERV/FGPER1) or FGPER1 and HGPER1 (T47-D-
FGPERI/HGPER1) were fixed and permeabilized before incubation with goat
GPER1 antibody (GPER1), mouse FLAG antibody (FLAG), and/or mouse HA
antibody (HA). C, MDCK cells (MDCK) were fixed and permeabilized before
incubation with GPER1 antibody (GPER1, fixed) or preincubated live with
GPERL1 antibody for 30 min at 37°C before fixation and permeabilization
(GPERL, live). D, HEK293 cells stably expressing mouse FGPER1 (HEK-FG-
PER1) and human FB2R (HEK-FB2R) were fixed and permeabilized before
incubation with mouse M1 FLAG antibody (FGPERI1, fixed; FB2R, fixed) or
preincubated live without (FGPER], live; FB2R, live) or with 0.4 M sucrose for
60 min (FGPER], live + sucr) or 1 uM bradykinin for 30 min (FB2R, live +
agonist) at 37°C before incubation with M1 FLAG antibody for an additional 30
min at 37°C. The cells were then fixed and permeabilized. In A to D, cells were
subsequently incubated with secondary donkey anti-goat, rabbit anti-mouse, or

FLAG, fixed

HEK-FGPER1

FLAG, fixed

HEK-FB2R

vealed that both cells express CKs at masses of 50 to 55 kDa,
which is typical of epithelial CKs (Fig. 7A, lanes 1 and 2). The
T47-D cell line was the richest source of CK, which is ex-
pected of a breast cancer epithelial cell line. Typical of a
simple epithelial cell, T47-D cells expressed the basic type-I1
CKs CK8 (Fig. 7A, lane 3) and CK7 (lane 4), often as dou-
blets, and as reported previously (Ferrero et al., 1989). Even
though MDCK cells have been reported to express CK8 (Pol-
lack et al., 1997), we were unable to effectively detect CK7 or
CK8 in MDCK cell lysates, which is probably due to the
relatively low CK expression in this cell line (Fig. 7A, lane 1).

Consistent with GPER1-CK association, GPER1 immuno-
precipitates from both MDCK and T47-D cells contained CK
(Fig. 7B, lanes 1 and 2) including both CK7 (lanes 3 and 4)
and CKS8 (lanes 5 and 6). CKs detected by the pan-CK anti-
body in both cells (Fig. 7B, lanes 1 and 2) and CK7 antibody
in MDCK cells (lane 3) migrated as monomers, whereas
higher mass forms were detected of CK7 in T47-D cells (lane
4) and CKS8 in both cells (lanes 5 and 6). The reason for this
is unknown but may be due in part to detergent-resistant CK
complexes with, for example, GPERL1. Indeed, pan-CK immu-
noprecipitates from T47-D cells contained a GPER1 anti-
body-reactive band at approximately 100 kDa (Fig. 7C, lane
2) that was not present in protein G-Sepharose precipitates
(lane 1). The same specific band was present in CK8 and/or
CK7 immunoprecipitates of MDCK cells (Fig. 7D, lanes 2 and
3) and T47-D cells (lane 4). Weaker bands at approximately
50 kDa occasionally appeared in protein G-Sepharose precip-
itates (Fig. 7D, lane 1). PNGase F treatment of the pan-CK
immunoprecipitate from T47-D cells resulted in a small
downward shift in the 100-kDa GPER1 band (Fig. 7E, lanes
1 and 2), whereas this treatment did not influence the CK band
in the GPER1 immunoprecipitate (Fig. 7E, lanes 3 and 4).

FLAG immunoprecipitates of MDCK-FGPER1 cells also
contained pan-CK and CK8 immunoreactivities of higher
masses (Fig. 8, lanes 2 and 4) that were not present in
mock-transfected MDCK-Ctr. cells (lane 1). Consistent with
native cells, pan-CK immunoprecipitates from MDCK-FGPER1
cells contained a 100-kDa FLAG-receptor-specific band (Fig.
8, lane 5). Thus, the 100-kDa receptor species observed in
both FGPER1 and HGPER1 immunoprecipitates seems to
be a major CK-interacting partner as determined by im-
munoblotting with both GPER1 antibody for the native
receptor (Fig. 7, C-E) and FLAG antibody for FGPER1
(Fig. 8, lane 5). In all, these results confirm those obtained
by immunofluorescence microscopy that at least some
GPER1 in MDCK cells and T47-D cells associate with CK
intermediate filaments.

Discussion

Here, we investigated the subcellular distribution and sig-
naling of GPER1 expressed endogenously in a series of patho-
physiologically relevant cell lines from various species, in-
cluding MDCK cells, T47-D cells, and C,C,, cells. GPER1
was localized both in the PM and on intracellular cytoskel-
etal structures. The PM receptors were subject to relatively

mouse anti-rabbit ALEXA488- or ALEXA568-labeled antibody. The indi-
vidual and merged (Merge) images were collected using a Nikon Eclipse
confocal microscope, 60X objective, 50 um zoom. The results are repre-
sentative of experiments performed at least three times.
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rapid constitutive endocytosis to reach such structures.
These structures were identified at least in part as CK inter-
mediate filaments, including those composed of CK7 and
CKS8, but not ER, Golgi, or microtubules. The GPER1 agonist
G-1 and E2 stimulated GPER1-dependent cAMP production
and B-arrestin2 recruitment to the PM. We conclude from
this study that GPER1 couples to cAMP and B-arrestin2
signaling in the PM and associates intracellularly with CK,
the latter of which may be a mechanism for subcellular
redistribution of the receptor after endocytosis.

The subcellular localization of GPER1 has been a point of
debate ever since this receptor was introduced as a putative
estrogen receptor in 2005. Four studies were published early
that addressed this issue using epitope-tagged receptors ex-
pressed in recombinant cell systems. Three of these studies
used receptors tagged at the N terminus with either the HA
epitope (Thomas et al., 2005; Filardo et al., 2007) or the
FLAG epitope (Funakoshi et al.,, 2006) to claim that the
receptor localized in the PM but reached intracellular com-
partments via E2-promoted endocytosis. Two other studies
used receptors tagged in the C terminus with GFP, in the N
terminus with the FLAG epitope, or nontagged receptor to

A GPER1 calnexin Merge

a-tubulin

T47-D

D GPERH1 CK7

Fig. 6. Subcellular GPER1 localization. A to D, MDCK cells (MDCK) or
T47-D cells (T47-D) were fixed and permeabilized before incubation with
goat GPER1 antibody (GPER1), rabbit calnexin antibody (calnexin),
mouse a-tubulin antibody («a-tubulin), mouse pan-CK antibody (pan-CK),
or mouse CK7 antibody (CK7). Cells were subsequently incubated with
secondary mouse anti-rabbit, rabbit anti-mouse, or donkey anti-goat AL-
EXA488- or ALEXA568-labeled antibody. The individual and merged
(Merge) images were collected using a Nikon Eclipse confocal microscope,
60X objective, 50 um zoom. The results are representative of experiments
performed at least three times.
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claim that the receptor is more or less exclusively localized
intracellularly in the ER (Revankar et al., 2005; Otto et al.,
2008). Another study found that when GPER1 was tagged at
the N terminus with the FLAG epitope it localized in the PM,
whereas when tagged at the C terminus with GFP, it local-
ized in the ER (Funakoshi et al., 2006), which agrees with
some other epitope-tagged GPCR (Brothers et al., 2003) and
indicates that tagging can influence GPCR trafficking. Since
then, several studies have addressed endogenous receptor
localization using various receptor antibodies and reported
immunoreactivity at the cell periphery and/or intracellularly
in the ER and/or Golgi (Funakoshi et al., 2006; Brailoiu et al.,
2007; Sakamoto et al., 2007; Matsuda et al., 2008; Otto et al.,
2008; Lin et al., 2009). Even though not emphasized, many of
these reports, however, also show significant intracellular
immunoreactivity not associated with either of these struc-
tures. Only in one study was PM localization of endogenous
GPERL1 directly addressed. In this case, specific radiolabeled
E2 binding to a PM fraction from SkBr3 breast cancer cells
was detected that was sensitive to prior treatment of the cells
with a GPER1 siRNA (Thomas et al., 2005).

In this study, using an antibody that we confirmed to be
specific for GPER1, immunostaining of fixed cells showed
that endogenous GPER1 is localized both at the cell pe-
riphery and intracellularly in MDCK cells and T47-D cells.
Furthermore, human GPER1, mouse FGPER1, and human
HGPERI1 colocalized on the same cytoskeleton-like cellular
structures. MDCK cells stained positive under live non-
fixed conditions, indicating that GPERI1 is also present at
the PM in these cells. No significant overlap occurred
between receptor staining and either ER or Golgi staining,
which suggests that the receptor matures normally in
these cells. The ability of GPER1 to reach the PM was
confirmed by live staining of HEK-FGPER1 cells with
FLAG antibody. Live staining of MDCK cells and HEK-
FGPERI1 cells also showed that the PM receptors can reach
intracellular structures via constitutive endocytosis. In
MDCK cells, live and fixed staining had the same cytoskel-
eton-like patterns, suggesting, at least in part, that the
constitutively internalized receptors give rise to such
staining.

Three experimental observations led us to conclude that
at least a portion of the cytoskeleton-like receptor staining
represents receptors associated with CK intermediate fil-
aments, including 1) colocalization of GPER1 and CK
staining as determined by confocal immunofluorescence
microscopy, 2) identification GPER1 staining on filamen-
tous structures projecting between the nuclear membrane
and the PM, and 3) reciprocal coimmunoprecipitation of
GPER1 and CK, including CK7 and CK8. To our knowl-
edge, this is the first observation that a GPCR is capable of
reaching and interacting with intermediate filaments.
CK7 and CK8 are simple-epithelial ductal-type CKs that
are widely distributed and often coexpressed. Little is
known about CK7, which usually pairs with CK19, but the
related CK8, which pairs with CK18, has been shown to
associate with the external leaflet of the PM in cancer cells
(Gires et al., 2005). In addition, CKs are necessary for
membrane incorporation of glucose transporters 1 and 3
(Vijayaraj et al., 2009). One suggestion is that endocytic
vesicles use CK filaments to redistribute GPER1 to unique
functional locations in the cell such as cell-cell or cell-
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basement membrane contacts (Toivola et al., 2005) via
interaction with the adapter complex AP3 involved in
clathrin-mediated endocytosis in a way similar to the CK-
related proteins vimentin, peripherin, and a-internexin
(Styers et al., 2004).

GPERI1 expression at the protein level is heterogeneous
both in native and recombinant cells, with products observed
both below and above the theoretical receptor mass, which
may be consequences of detergent-resistant protein com-
plexes, glycosylation, and degradation. The receptor mono-
mer appears to be a 40- to 45-kDa protein as observed in both
native and recombinant cells. The relationship of this protein
to the 50- to 55-kDa receptor protein is not clear, but the
latter may in part be a glycosylated form of the former be-
cause it decreased in mass upon PNGase F treatment. The
100-kDa receptor band identified primarily in receptor immu-
noprecipitates may be a detergent-resistant receptor dimer or a
monomer interacting with another protein. It is noteworthy
that the 100-kDa band was the primary receptor band enriched
in CK immunoprecipitates, suggesting that it is this receptor
form that interacts with CK. On the other hand, CK may serve
as a scaffold for receptor interactions with other proteins. Some

evidence was obtained that N-glycosylation plays a role in re-
ceptor interactions, at least for FGPERI1, because PNGase
treatment increased the amount of the 100-kDa FGPER1 band
apparently at the expense of the lower mass bands. One expla-
nation is that N-deglycosylation makes the proteins in the im-
munoprecipitate more hydrophobic, thus promoting complex
formation. On the other hand, N-deglycosylation of the two
asparagines in the receptor N-terminal domain may influence
the immunoreactivity of the nearby N-terminal FLAG epitope.
Apparent receptor degradation products were also observed,
which should be cellular because all preparations contained a
complete protease inhibitor cocktail. It is interesting to note
that CK intermediate filaments associate with proteasomes
(Olink-Coux et al., 1994), and ER« is degraded via a ubiquitin-
proteasome pathway involving receptor association with CK8
and CK18 (Long and Nephew, 2006).

The localization of GPER1 signaling is also a matter of
debate. Using recombinant cell systems and membrane-
permeable and -impermeable E2 analogs, GPER1 was pro-
posed to function either in the PM or intracellularly in the
ER. PM signaling was based on GPER1 localization in this
compartment, stimulation of cAMP production by mem-
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Fig. 7. Native GPER1-CK association. A, MDCK cells (MDCK, lane 1) and T47-D cells (T47-D, lanes 2—4) were lysed and immunoblotted with mouse
pan-CK antibody (lanes 1 and 2), mouse CK8 antibody (lane 3), or mouse CK7 antibody (lane 4). B, MDCK cells (MDCK, lanes 1, 3, and 5) and T47-D
cells (T47-D, lanes 2, 4, and 6) were lysed, immunoprecipitated with goat GPER1 antibody (GP) precoupled to protein G-Sepharose, and then
immunoblotted with pan-CK antibody (lanes 1 and 2), CK7 antibody (lanes 3 and 4) or CK8 antibody (lanes 5 and 6). C, T47-D cells (T47-D) were lysed,
immunoprecipitated with protein G-Sepharose without (—, lane) and with precoupled pan-CK antibody (+, lane), and then immunoblotted with
GPER1 antibody (GP). D, MDCK cells (MDCK, lanes 1-3) and T47-D cells (T47-D, lane 4) were lysed, immunoprecipitated with CK8 antibody (lanes
1 and 2) or CK7 antibody (lane 3) precoupled to protein G-Sepharose, and then immunoblotted with GPER1 antibody. E, T47-D cells (T47-D) were
lysed, immunoprecipitated with pan-CK antibody (lanes 1 and 2) or GPER1 antibody (lanes 3 and 4) precoupled to protein G-Sepharose, respectively,
treated without (lanes 1 and 3) or with PNGase F (lanes 2 and 4) and then immunoblotted with GPER1 antibody. Molecular mass (M,) standards (in
kilodaltons) (left side arrows) are indicated. The results are representative of experiments performed at least three times.

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

brane-impermeable E2 analogs, E2-stimulated PM GTP~yS
binding, and GPER1-dependent PM E2 binding (Filardo et
al., 2002, 2007; Thomas et al., 2005). On the other hand,
ER-associated signaling was based on the identification of
GPERI1 in this compartment in some cells and stimulation
of intracellular Ca®* signaling and PI3-kinase transloca-
tion only by membrane-permeable E2 analogs (Revankar
et al., 2005, 2007).

Here, we show that G-1 and E2 both stimulated GPER1-
dependent cAMP production in several native cell lines from
several species, which is a PM-defined event. G-1 and E2 also
recruited B-arrestin2-GFP to the PM, which is consistent
with the receptor for these agonists being localized in this
compartment and also a possible mechanism of GPER1-me-
diated extracellular signal-regulated kinase signaling as
shown previously for other receptors (Galandrin and Bou-
vier, 2006). Thus, we conclude that it is in the PM that
GPERI1 couples to G/adenylate cyclase and B-arrestin2 in
native cells. Whether GPER1 is able to couple to other sig-
nals in other subcellular compartments such as intermediate
filaments remains an open question. It is noteworthy that the
efficacy of E2 on GPER1-mediated cAMP production in these
cells was only a fraction of that of G-1, which suggests that
E2 may act as a partial agonist or G-1 as a superagonist on
this response. Although our assay of B-arrestin2 recruitment
is only semiquantitative, the efficacies of G-1 and E2 on this
response seemed to be approximately equal. Thus, E2 may
exhibit biased signaling at GPER1 (i.e., full agonist on B-ar-
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Fig. 8. Recombinant GPER1-CK association. MDCK cells without
(MDCK-Ctr.) and with transient transfection of FGPER1 ¢cDNA (MDCK-
FGPER1) were lysed, immunoprecipitated with M2 FLAG antibody
(lanes 1-3) or pan-CK antibody (lane 4), and immunoblotted with pan-CK
antibody (lanes 1 and 2), CK8 antibody (lane 3), or M2 FLAG antibody
(lane 4). Molecular mass (M,) standards (in kilodaltons) (left side arrows)
are indicated. The results are representative of experiments performed at
least three times.
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restin2 recruitment and partial agonist on cAMP produc-
tion), a behavior described for agonists at several other
GPCR (Kenakin, 2007), including receptors coupled to both
cAMP and B-arrestin signaling (Galandrin and Bouvier,
2006).

In summary, we show that GPER1 is localized and signals
via cAMP production and B-arrestin2 recruitment in the PM.
Receptors also reach CK intermediate filaments. CK is
highly expressed in cancer epithelial cells and has long been
used to classify cancer subtypes (Moll et al., 2008). Consid-
ering that GPER1 influences growth factor signaling path-
ways (Filardo and Thomas, 2005; Prossnitz et al., 2008) and
cancer cell proliferation (Pandey et al., 2009; Ariazi et al.,
2010) and that receptor expression is associated with cancer
growth (Filardo et al., 2006; Smith et al., 2007), it is tempting
to propose that GPER1-CK association in epithelial cells
provides an important functional link in this disease.
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